We investigate the three-body decays of Λ * c (2595) and Λ * c (2625) into Λcππ by including a direct process going through the two-pion coupling of Λ * c Λcππ in addition to the sequential processes going through Σc(2455) and Σ * c (2520). The strength of the direct coupling is related to that of the Yukawa coupling by the chiral partner structure between Λc's and Σc's, while the strength of the Yukawa coupling is estimated by the quark model. It is found that the direct process gives a considerable contribution especially in the decay of Λ * c (2625). A clear indication of the direct process is seen in an asymmetric pattern in the angular correlation between the two pions. We discuss the usefulness of the detailed analysis of the decays for the study of the structure of Λ * c .
I. INTRODUCTION
Three-body decays of heavy baryons have been observed experimentally and studied theoretically by using various hadron models [1] [2] [3] [4] [5] . Their properties such as masses and decay widths have been extracted, and also spin and parity J P have been identified [6] [7] [8] [9] . For instance, the spin J = 5/2 of Λ * c (2880) was clearly identified by the decay angular correlations [6] . Detailed analysis of line shapes of invariant mass distributions is also useful to know the internal structures of the resonances in comparison with theoretical studies.
Among various charmed baryon resonances, the decay of the lowest one Λ * c (2595) of J P = 1/2 − is dominated by the sequential process through Σ c (2455) and is well explained by identifying that resonance with a p-wave λ mode excitation [4] . Possible sequential processes are shown by blue-dashed arrows in Fig. 1 . The property of the next one Λ * c (2625) is more interesting because the decay is dominated by a non-resonant contribution. It was shown in our previous work that a significant amount of the non-resonant contributions was brought by the tail of the higher resonance Σ * c (2520), which is not kinemat- . The underlying mechanism is to identify light-diquarks in these baryons with chiral partners each other in the presence of one heavy quark. One of the non-trivial consequences of their model is that the coupling strength of the direct process in Λ * c (2625) → ππΛ c (g.s.) is related to the Yukawa coupling of Λ * c (2625) → πΣ * c (2520). As a consequence, they have found that the direct process contributes a lot to the total decay width.
In this paper, we study the effect of the direct coupling of the two pions in the decays of Λ * c (2595) and Λ * c (2625). We are not only analyzing the effect in various Dalitz plots and invariant mass distributions, but also the angular correlations between the two pions. The presence of the direct process is clearly indicated by the asymmetric pattern in angular correlations which can be measured experimentally.
This paper is organized as follows. In Sec. II, we discuss the formalism. In Sec. III, we explain the threebody decay kinematics. In Sec. IV, we discuss the results of three-body decay with the direct process. Finally, a summary is given in Sec. V. The detailed calculations of the decay amplitudes are shown in Appendix A and B. For completeness, the results from the other quark model assignments to Λ II. FORMALISM
A. Chiral Partner Structures
Chiral symmetry relates the positive and negative parity particles as chiral partners each other. They are degenerate in the chiral limit. Due to the spontaneous breaking of chiral symmetry, the degeneracy is resolved, and the mass splitting occurs between the chiral partners.
The study of the chiral partner structure has been done in many cases [5, [11] [12] [13] [14] [15] . Recently, Kawakami and Harada extend this idea to the light-diquarks which can be an important component of charmed baryons [5] . By combining them with a charm quark, they classify the charmed baryons as the chiral partners each other as depicted in Fig. 2 where heavy quark symmetry partners are also indicated. We will use the same assumption in this work. As mentioned before, one of the important implications of the chiral partner assumption is that the coupling strength of the direct process is related to the Yukawa coupling in sequential decays. We will discuss it in detail in the subsequent subsection.
where we have defined
The values f a and f b are the Yukawa coupling of the first and second vertices in the sequential process through Σ c (2455) in the intermediate state, f c and f d are for those of Σ * c (2520). The detailed discussion about the amplitudes of the sequential processes can be found in our previous work [4] .
The direct process amplitudes adopted from Ref.
[5] are given by
where g and f is the coupling of the direct process for the decay of Λ * c (2595) and Λ * c (2625) respectively, and f π = 93 MeV is the pion decay constant. The estimation of the coupling strength will be given later. The mass and the four-momentum of the initial Λ In our present work, we perform the non-relativistic reduction so that the amplitudes are written in terms of spin matrices as
It is found that the amplitudes shown in Eqs. (9) and (10) are unique in the non-relativistic limit. This can be understood by considering the conservation of spin and parity of the particles participating in the interaction. The initial state Λ * c (1/2 − or 3/2 − ) decays into the ground state Λ c (1/2 + ) emitting the two pions (0 − ). Consequently, the only possible way is that the pions carry angular momentum l = 1 (p-wave) in order to conserve the total angular momentum during the decay process.
The p-wave nature of the direct process leads to cos θ 12 where the angle θ 12 is defined as the angle between the two pions in the resonance's rest frame. We can obtain cos θ 12 dependence by taking the square of the amplitude in Eqs. (9) and (10) respectively. This cos θ 12 produces the asymmetric pattern in the angle correlations between the two pions.
In order to estimate the direct process coupling strength, we use the assumption of chiral partner where it is equal to the Yukawa coupling of the second vertex in the sequential decay,
where g b is the coupling strength of the second vertex in the sequential decay going through Σ c (2455) in Λ * c (2595) decay, and f d is the coupling strength of Σ * c (2520) sequential process in Λ * c (2625) decay. The values of g b and f d are extracted from the quark model for the sequential processes as in our previous work [4] .
III. THREE-BODY DECAY KINEMATICS
The three-body decay width is calculated as
where dΦ 3 is an element of the three-body phase space given by
In general, there are five independent kinematical variables to characterize three-body decays: two invariant masses and three angles, which determine the orientation of the decay plane. In unpolarized case, the angular variables become irrelevant and then the decay depends only on the two invariant masses. The standard way to describe the three-body decay is the so-called Dalitz plot which is represented by two invariant masses. We can construct three invariant masses as m Here we are interested in the angular dependence in the three-body decay. Previously, we ignore the angular dependence by taking the angle average [4] . However, it turns out that the angular dependence is important and useful to see the effect of the direct process.
As anticipated one of important angles in the threebody decay of Λ * c → Λ c ππ is the angle between the two pions in the resonance's rest frame, θ 12 , which corresponds to the helicity angle. The definition of the angle between the two pions, θ 12 , in the rest frame of particle π − (2) and Λ + c (3) is depicted in Fig. 4 . In the heavy quark limit, the heavy baryons are approximately treated as static particles, so that the angle between π and Λ c is not relevant. In addition to the standard Dalitz plot, we will also discuss angular correlation plots to describe three-body decays in the next section. 
IV. RESULTS AND DISCUSSIONS
A. Λ * c (2595) Decay
The first excited state Λ * c (2595) has J P = 1/2 − and Γ = 2.6±0.6 MeV. This state is expected to be dominated by p-wave λ mode excitation. The ρ mode assignment overpredicts the data as shown in Table I . Although the absolute value itself is not enough to determine the structure, we will assume λ-mode dominance in this paper as we discussed previously [4] .
Total decay width is well explained by the sequential process going through the Σ c (2455) open channel [4, 16] . In the present work, we take into account the direct process and the interference among various terms. We neglect the contribution from the Σ * c (2520) closed channel since the contribution is very small [4] . As shown in Table I, the total decay width of Λ * c (2595) is dominated by the neutral pion with the Σ c (2455) open channel and the contribution from the direct process is small. This can be understood by considering the s-wave nature of Λ * c Σ c π coupling and p-wave of the direct coupling.
Referring to Table I , our result of the branching fraction of the Σ c (2455) 0 π + channel is given by
Our calculation is reasonably consistent with the recent branching fraction measurements from Belle, 
B(Σ c (2455)
0 π + ) = 0.125 ± 0.035 [17] . As shown in Table I, the Σ c (2455) + π 0 neutral channel is dominant as compared to the other charged channel which leads to the isospin breaking effect as discussed in our previous work [4] .
In . The upper figure shows the Dalitz plot without the direct process, while the middle one with direct process. As we discussed above, in this work we take into account the angular dependence properly, while we took angle average in our previous plot in Fig. 5 in Ref. [4] . If we took the angle average, ) plane shown in Fig. 6 is useful since it has a larger area that enables us to observe detailed structures such as the angular dependence clearly. For the decay of Λ * c (2595), the difference in the two plots is not very large, but we will see a clear difference for the case of Λ * c (2625). We can make yet another plot; θ 12 angular correlation, which is shown in Fig. 7 . As in Figs. 5 and 6, the difference with and without direct process is not very large. What can be pointed here is that the angular correlation in Fig. 7 , is due to the interference between Σ c (2455) in the different charged channels.
The second resonance Λ * c (2625) has J P = 3/2 − and Γ < 0.97 MeV. Since this state is also expected to be dominated by λ mode, we will mainly focus on λ mode in this section. For completeness, we provide the corresponding results for the other excitation modes: ρ mode (j = 1) and (j = 2) in Appendix C and D.
According to PDG, the decay of this state is dominated by the non-resonant process. In an attempt to explain the dominance of the non-resonant process, we have considered the sequential process going through the Σ * c (2520) closed channel [4] . In this work, we include the direct process in addition to the sequential ones. Different from the case of Λ * c (2595), the direct process is important in this decay. It has a considerable contribution as shown in Table II 
The obtained value is consistent with the experimental data from Belle [18] . Fig. 9 . In this plot, the resonance's band is longer and then such angular dependences can be clearly seen so that it is easier to compare with the experimental data. The plots show a characteristic pattern that the decay rate is accumulated on the left side of the resonance's band. Now we would like to see various contributions separately. In Fig. 10 , we show the contributions of the direct process and the interference between the direct and the other processes. An asymmetric pattern is seen in the upper plot in Fig. 10 which is solely from the direct process. In the lower plot, there is a large enhancement near the left boundary of the Σ c (2455) resonance's bands due to the interference between the direct process and the Σ c (2455) resonance.
Regarding the angular dependences, they are mainly originated from the direct process and the interference between the sequential and direct processes. The interferences between Σ c (2455) 0 and Σ c (2455) ++ are suppressed because the overlapping region is small as compared to the total phase space. It is depicted that there is no such a large interference along Σ c (2455) resonance's bands in the top plot of Fig. 9 . Moreover, the interference between Σ c (2455) and Σ * c (2520) are more suppressed since there is no overlapping region between the two resonance's peaks. On the other hand, the interferences between the direct process and the other processes are dominant because the direct process contribution spreads over a wide region of the Dalitz plot. In other words, the angular dependences are mostly originated from the direct process.
The main indication of the presence of the direct process is the asymmetric pattern in the angular correlations of the two pions as shown in Fig. 11 . The angular cor- relation is approximately flat without the direct process which is contrast with the Λ * c (2595) decay. For Λ * c (2625), the angular dependence from the interferences between Σ c 's and Σ * c 's is suppressed leading to the flat distribution to the angular correlation. When the direct process is included, the asymmetric pattern appears. Therefore, this large asymmetric pattern can be a strong indication that can be measured in the experiment in the future.
Now it is interesting to see the effect of the direct process in ρ mode excitations. For ρ mode (j = 1), the Σ * c (2520) contribution is large, while it is small for ρ mode (j = 2). The difference in their structure leads to various structures in Dalitz plot as we will discuss in detail in Appendix C and D, which is useful for the study of the internal structures.
V. SUMMARY
We have investigated three-body decay of Λ * c (2595) and Λ * c (2625). The direct two-pion emission process has been added in our model in addition to the sequential processes going through Σ c (2455) and Σ * c (2520). We have estimated the strength of the direct coupling from the Yukawa coupling of the sequential decay by assuming the chiral partner structure for the relevant charmed baryon. In this work, the angular dependences have been taken account properly in order to investigate the angular correlation between the two pions. Finally, we have calculated the contribution of the each process to the total decay width. In addition, we have provided Dalitz plots, invariant mass distributions, pion angular correlations in the presence of the direct process. Those observables give the constrains to disentangle the internal structure of the charmed baryon.
For Λ * c (2595) decay, the direct process does not give a significant contribution. On the other hand, for the case of Λ * c (2625) with λ mode assignment, the direct process contribution is large and it is found that the asymmetric pattern which occurs in the pion angular correlations. This asymmetric pattern can be measured experimentally to indicate an important role of the direct process especially in the three-body decay of Λ * c (2625). given by
The interference between Σ c (2455) and Σ * c (2520) in the same charged channel gives the symmetric pattern, but the interference between them in the different charged channel gives the asymmetric pattern. The interference between Σ c (2455) ++ and Σ c (2455) 0 is written as
The interference between Σ c (2520) * ++ and Σ c (2520) * 0 is
The interferences between the direct process and the sequential processes are given by
For the decay of Λ * c (2625) with ρ mode (j = 1), the Σ * c (2520) closed channel is very large as shown in Table II. One can observe that the large contribution of Σ * c (2520) is reflected as the large enhancement near the boundaries of the Dalitz plots and the invariant mass distribution in Fig. 12 . For this assignment, the contribution of the direct process is relatively smaller than the Σ * c (2520) closed channel. In other words, the nonresonant contribution for this decay is mostly originated from the Σ * c (2520) closed channel. When we take into account the direct process, the interferences between the direct process and the sequential processes give destructive patterns as tabulated in Table II . The suppression in the invariant mass distribution and the angular correlations are seen in Figs. 12 and 13 respectively. Due to the destructive interference, the structure along the Σ c (2455) resonance's band has different shape in comparison with λ mode case in Fig. 8 . There is no enhanced part in the end of the resonance's band in ρ mode case.
The interferences between Σ * c (2520)'s become much enhanced because of the strong coupling to Σ * c (2520). As a consequence, large asymmetric pattern can be seen in angular correlations without direct process as shown in Fig. 13 . This is because the interferences between Σ * c (2520)'s giving cos θ 12 dependence is now significant. For Λ * c (2625) with ρ mode (j = 1), the indication of the direct process is not clear as λ mode case, since cos θ 12 dependence is now dominated from the interference between Σ * c (2520) 0 and Σ * c (2520) ++ , not from the direct process. Even without the direct process, the angular correlation has already exhibited the asymmetric pattern. In this assignment, the angular correlation with the direct process shows similar structure to λ mode case. The difference is the source of generating the asymmetric pattern in angular correlation. One possible way to distinguish either λ or ρ mode (j = 1) is by measuring the invariant mass distribution, they really exhibit different structures. In the last assignment for Λ * c (2625), namely ρ mode (j = 2), we can see that the contribution from the Σ * c (2520) closed channel is extremely small as shown in Table II . It is opposite to the fact that the non-resonant contribution is considerably large according to PDG. In this point of view, we can rule out the possibility of Λ * c (2625) to be ρ mode with j = 2. Nevertheless, the effect of the inclusion of the direct process is still of the interest to discuss. In this case, any asymmetric pattern can be roughly considered as the consequence of the direct process completely due to small contribution from Σ * c (2520). The Dalitz plots in (m ences, a fake peak appears between the Σ c (2455) 0 and the Σ c (2455) ++ resonance's peaks in invariant mass distribution as shown in Fig. 14 . The angular correlation also shows the asymmetric pattern due to the presence of the direct process as shown in Fig. 15 .
